Hemodynamic changes in the brain are often used as surrogates for epileptic neuronal activity in both the laboratory and the clinic (e.g. intrinsic signal, fMRI and SPECT) in spite of the fact that perfusion-based signals have been shown to overestimate the population of spiking neurons. In addition, mechanisms of neurovascular coupling that apply during normal cortical processing may not be relevant in pathological circumstances such as epilepsy. For these reasons, we investigated the spatiotemporal dynamics of epileptic neurovascular coupling using voltage sensitive dyes (VSD) to generate spatial maps of excitatory membrane activity and intrinsic optical spectroscopy (IOS) to measure deoxy-hemoglobin and total hemoglobin, i.e., cerebral blood volume (CBV), in vivo during interictal spikes in rat neocortex to examine their spatiotemporal correlations. We hypothesized that the IOS signal would correlate spatially with subthreshold excitatory activity, which involves a larger area of cortex than suprathreshold neuronal spiking. However, we found that both perfusion and oximetric signals spatially overshot the extent of the excitatory VSD signal by ~2X. Nevertheless, a high correlation could be found at specific timepoints in the evolution and dissolution of the hemodynamic signals. The increase in deoxy-hemoglobin reached the highest correlation with the excitatory VSD signal earlier than CBV signals; although CBV signals correlated equally well at certain timepoints. The amplitude of the hemodynamic signals had a linear correlation with the amplitude of the VSD signals, except for small nonlinearities in the very center of the focus Ma/3 and in the periphery of the surround, indicating a tight spatial coupling. Our data suggest that hemodynamic signals can accurately define the spatial extent of excitatory interictal epileptiform subthreshold membrane activity at specific time points in their evolution.
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Introduction
In recent years, the field of brain mapping has witnessed the growth of a variety of techniques that measure hemodynamic changes in the brain as a surrogate for neuronal activity. This is particularly true in the clinical domain, such as the treatment of epilepsy, where therapeutic decisions are often influenced by the results of single photon emission computed tomography (SPECT) and functional magnetic resonance imaging (fMRI) scans (Bagshaw et al. 2006; Van Paesschen 2004) . Hemodynamic signals, generally based on perfusion and/or oximetry, are attractive because they can often be measured non-invasively. However, these signals also have a relatively slow time course, on the order of seconds, and the techniques used to measure them generally also suffer from low temporal and spatial resolution. Since few studies have simultaneously examined neuronal activity and associated hemodynamic signals during epileptic activity in the same preparation with high spatial and temporal resolution as well as wide spatial sampling, our understanding of the correlation between the spatial extent of perfusion, oximetry and neuronal activity is limited (Hirase et al. 2004) . Several recent studies have attempted to correlate hemodynamic signals with extracellular field potential and multi-unit recordings during normal cortical processing (Bosking et al. 1997; Lauritzen 2001; Logothetis et al. 2001; Sheth et al. 2004) . However, it is unclear if the neurovascular coupling mechanisms that function in the normal brain apply during epilepsy. In addition, normal functional brain architecture is relatively static compared with epileptic events that evolve spatially over time. Ma/5 A useful technique for measuring membrane voltage that overcomes the sampling limitations of microelectrodes is voltage-sensitive dyes (VSD). The dye molecules bind to the membranes of neurons and change their fluorescence in a linear response to changes in membrane potential (Cohen et al. 1974; Grinvald and Hildesheim 2004) .
VSDs have a temporal resolution on the order of microseconds and can sample large areas of cortex simultaneously using optical methods. VSD imaging can provide a high resolution map of membrane potential changes in vivo during an epileptiform event (Ma et al., 2004) . This map can be used as a "gold standard" of the spatial extent of excitatory activity with which hemodynamic signals can be compared.
Intrinsic optical spectroscopy (IOS) is a separate technique that can provide direct
quantitative measurements of the spatial extent of changes in deoxygenated hemoglobin (Hbr) and total hemoglobin (Hbt), the latter correlating quite closely with cerebral blood volume (CBV) (Malonek et al. 1997; Sheth et al. 2004) . Although hemodynamic signals evolve more slowly, changes in perfusion and oximetry can be measured by IOS within 100-200 ms of a brain event with broad spatial sampling and a resolution of 100-200 µm (Polimeni et al. 2005) .
It has been previously demonstrated that both the IOS signal and the focal alterations in perfusion and hemoglobin oxygenation from which it arises involve a larger area of cortex than the population of neurons firing action potentials (Bosking et al. 1997; Das and Gilbert 1995; Grinvald et al. 1994; Toth et al. 1996) . Hence, maps based on these Ma/6 signals should presumably overestimate the size of the epileptic focus, particularly the cells firing bursts of action potentials. We hypothesized that these hemodynamic-based optical signals might have a higher correlation with excitatory subthreshold membrane potential change, which arise from the extensive dendritic arbor around the epileptic neurons. If the spatial correlation between the VSD signal and the IOS signal were high, it would imply that the metabolic demand associated with re-establishing the resting dendritic membrane potential might be the primary driving factor in the spatial specificity of epileptic neurovascular coupling mechanisms, which could provide us with a glimpse the electrical events underlying the images created by our clinical imaging tools. On the other hand, even if hemodynamic signals overestimated the size of this subthreshold excitatory activity, we supposed that at specific timepoints in the evolution of the hemodynamic signals, they could be used as spatial surrogates for epileptic excitatory membrane activity. In addition, by recording two-dimensional maps of both neuronal and hemodynamic activity, it should be possible to derive a response function between the two events at the resolution of a single pixel (~ 33µm) to determine the resolution of their spatial coupling.
To address these questions, we measured the spatial extant of the excitatory membrane potential changes with VSDs and correlated them over time with hemodynamic changes measured with IOS at 570 and 610 nm using a modified Beer-Lambert Law to calculate Hbr and Hbt. We specifically looked at excitatory neuronal activity since the clinically Ma/7 significant aspect of the epileptic focus is the excitatory region, which is contained by inhibitory activity in the surrounding normal brain (Prince and Wilder 1967) .
Materials and Methods

Animal preparation
All experimental procedures were approved by the Weill Cornell Medical College Animal Care and Use Committee following NIH guidelines. Adult male Sprague-Dawley rats (250 -380g) were used in our study. Two anesthesia paradigms were used. In the first group, eight rats were anesthetized with intraperitoneal (IP) injection of ketamine (90 mg/kg) and xylazine (4.0 mg/kg) and then sustained with urethane (1.25 gm/kg), decadron (0.17 mg/kg), mannitol (0.83 gm/kg), and atropine (0.067 mg/kg). Additional doses of urethane 0.3 g/kg were administered to by IP injection as to maintain the anesthetic level when needed. In order to determine the effect of anesthesia on our results, another seven rats were anesthetized with either 1.5%, 2.0% or 2.5% isoflurane mixed with 70% N 2 and 30% O 2 in an random sequence. Imaging commenced 20 minutes after any change in anesthetic level.
Body temperature was maintained at 37°C with a regulated heating blanket (Harvard Apparatus, Holliston, MA). The heart rate, pO 2 , and ETCO 2 were carefully monitored with a small animal Capnograph (Surgivet, Waukesha, WI) and were maintained stable throughout the experiment (heart rate: 250-300 pulse/minute, pO 2 >90%, Ma/8 ETCO 2 .~25-28mmHg). The head was fixed in a sterotaxic frame. A ~5×8 mm cranial window was opened over the left hemisphere, between lambda and bregma, centered over somatosensory cortex. A temporal well was built around the craniotomy window with Vaseline oil. In the first group, the voltage-sensitive dye, RH-795 solution (Molecular Probes, 0.6 mg/ml in 0.9% NaCl saline), was applied to the exposed dura for ~ 45 minutes (Ma et al. 2004) . After staining, the dura was washed with saline for ~15 minutes to remove unbound dye, and the temporal well was removed. A small slit was made in the dura for electrophysiology recording. In the second isoflurane group, the dura was removed and the cortex was stained with new blue dye, RH-1692 solution (1 mg/ml), for ~90 minutes. After staining, the cortex was washed with saline for ~10 minutes to remove unbound dye.
Electrophysiology
A glass electrode (4-6 MΩ) filled with a solution of bicuculline methiodide (BMI) (5 mM in 165 mM NaCl, pH 3.0; Sigma-Aldrich, St. Louis, MO) was positioned into the II-III layers. Interictal foci were induced by iontophoresis of BMI using a micro-iontophoresis dual current generator (WPI, Sarasota, FL). A second glass electrode (2-4 MΩ) filled with 0.9% saline was positioned < 500 µm from the bicuculline electrode to record local field potential (LFP). During imaging, the exposed cortex was covered with 1% agar and a cover slip.
Optical recording
A tandem lens setup, with two 50 mm lenses, was used for imaging.
A removable Ma/9 filter cube was placed between the two lenses. 
Data analysis
The VSD and hemodynamic signals were analyzed in a similar fashion using frame division triggered by the onset of the IIS. A 300 frame window (50 frames before and 250 frames after) was averaged over all IISs in each block (75 ~ 171 IISs depending on the spike frequency). This resulted in an average spike triggered movie of reflection or fluorescence change over time. To calculate the fractional change of the signal, all the frames were divided by an average of the three frames prior to each IIS, which functioned as a baseline (Schwartz and Bonhoeffer 2001; Suh et al. 2005) . A 20 Hz low-pass filter was performed on each averaged, baseline-divided data. Spatial low-pass filtering was achieved by convolution with a Gaussian kernel (σ = 3 pixels, about 100 µm).
To determine the spatial extent of the optical signals, we thresholded the data using a Ma/11 percentage of the maximum pixel value, as previously described (Berwick et al. 2008; Chen-Bee et al. 1996) . The threshold was set at 25% of the maximal amplitude and all pixels above this threshold were defined as activated pixels. Although the determination of the threshold is somewhat arbitrary, we chose 25% based on the signal-to-noise ratio of our actual data. For example, if artificial conical data is generated with a white noise level set at ±20% of the maximal amplitude of the signal (Fig. 1a) , the area of the signal can then be calculated at different thresholds (Fig. 1b) . When the threshold is set above the level of the noise, the thresholded images closely approximate the area of artificial data (Fig. 1c) . At higher thresholds the areas are also equivalent but underestimated. As can be appreciated in Figure 1b , when the threshold is set above the noise level (20%), there is "turning point" in the curve. The area of spread was then calculated by multiplying the number of thresholded pixels by the area of each pixel (~ 33µm ×33µm). The geometrical center of the thresholded area was defined as epicenter.
To calculate this center, the x and y coordinates of all the thresholded pixels were averaged.
Regions of interest (ROIs) were selected for data presentation in a variety of ways to characterize different aspects of our data. To illustrate the temporal correlation between the LFP and VSD signals we used a 5 X 5 pixel ROI centered at the LFP electrode.
This ROI provides averaged optical data from the same area where the LFP was recorded.
To demonstrate the spatiotemporal evolution of the VSD and IOS signals in this same animal, we chose 3 random pixels of interest (POIs). The first (POI 1 ) was at the BMI Ma/12 electrodes to demonstrate signal change in the center of the IIS focus. POI 2 and POI 3 were 885 and1797 µm (chosen randomly) away from POI 1 , respectively. Random selection of the pixel locations eliminates assumptions and bias regarding the size and shape of the focus. Finally, we used concentric rings of interest (RiOI) to demonstrate the spatiotemporal evolution of the signals in multiple directions simultaneously. Ring diameters were arbitrarily set at 0.4, 0.8, 1.2, 1.6 and 2.0 mm to encompass the spatial extent of the data. Separate IIS foci from different animals were grouped together superimposing the region where the tip of the BMI electrode entered the cortex.
VSD/IOS cross-correlation
Since the VSD signals evolve much more rapidly that the IOS signals, in order to compare the temporal evolution of the spatial extents, we thresholded the VSD map at its maximum to which we compared the evolution of the hemodynamic signals using a two-dimensional cross-correlation over time. Since the VSD signal reached its peak amplitude and dissipated prior to the evolution of the hemodynamic signals, it made sense to compare the evolution of the hemodynamic signals to the maximum spatial extent of the VSD signal, based on the hypothesis that this rapid membrane potential change triggered subsequent alterations in perfusion and hemoglobin oxygenation.
To explore the spatial specificity of epileptic neurovascular coupling mechanisms we first superimposed each IIS over each other by aligning the site of the tip of the BMI electrode. We averaged the values of the amplitude of the VSD signal in each pixel at iontophoresis. The mean (± sd) amplitude and width of the IISs was -1.47 ± 0.09mV and 63.2±2.3 ms (n=8 animals) respectively. These measurements were stable during the entire recording period (< 1 hour) and were not significantly different between blocks for any animal. Likewise the amplitude and spatial extent of the VSD signal were not significantly different between Block 1 and Block 4 for any experiment (T-test, p<0.001).
Spatiotemporal evolution of the voltage and hemodynamic signals
The VSD signal recorded from a region of interest (ROI) adjacent to the BMI infusion had a waveform and time course closely correlating with those of the local field Ma/14 potential (LFP) recorded from the same location (Fig. 2a) . The VSD amplitude was highest at POI 1 and diminished as a function of the distance from the focus (Fig.2b) . At the farthest POI 3 , inhibitory membrane potential change was recorded. On average, the excitatory VSD signal in the focus peaked at 61.3±5.2 ms (n=8 animals).
The timecourse of the hemodynamic signals was slower than the VSD signals ( respectively. In all animals, the peak amplitude of the optical data were significantly These data demonstrate that the amplitude of the voltage and hemodynamic signals decrease circumferentially with increasing distance from the focus.
Spatial extent of the voltage and hemodynamic signals
Since hemodynamic signals are often used as surrogates for excitatory neuronal activity in clinical epilepsy, we wished to examine the spatial correlation between the two phenomena. As described in the Methods, we determined the appropriate threshold for our data by calculating the amplitude of the noise. For all data (VSD, Hbr and Hbt), the noise during the baseline recording varied from 14-22% of the maximal amplitude of the signal recorded in the central ROI after the IIS. Hence, we set the threshold at 25% of the maximal amplitude. The threshold was confirmed by graphing the area of the signal at a range of thresholds. A "turning point" similar to what was found in the artificial data occurred below 25% (Fig. 3) . Thresholding at 25% of the maximal pixel value, the average area of the VSD, Hbr and Hbt signal was 5.3±42 mm 2 , 11.5±7.8 mm 2 and 8.3±6.2 mm 2 . At their maximal amplitudes, the Hbr and Hbt signals were 2.0 and 1.6 times the area of the VSD signal (t-test, p<0.05). Even when the threshold was varied, in the range from 25%-50%, the relative size of the hemodynamic signals compared with the VSD signals only changed slightly from 2.0-2.5 X for Hbr and from 1.6 -2.3 X for Ma/16 Hbt ( Fig. 3d) . At higher thresholds the hemodynamic signals became equivalent and the VSD signal became relatively smaller, because of the lower amplitude of its signal (see Discussion).
Temporal correlation between voltage and hemodynamic signals
Since the hemodynamic signals evolved slowly over time, we wished to determine the specific time points at which the hemodynamic signals spatially correlated best with the maximal spread of the increase in membrane potential that had triggered the hemodynamic signal. To answer this question we performed a 2-dimensional cross correlation over time between the thresholded area of the maximal excitatory membrane voltage change and the thresholded area of the Hbr and Hbt signals as they evolved over time. This analysis presumes that the maximal spatial extent of the excitatory membrane change, which occurs at ~50 ms, will represent the area of greatest metabolic demand, producing the influx in Hbt and the increase Hbr, which occur in a delayed fashion over the next few seconds. An example of this correlation in a few representative animals is shown in Figure 4 . Although different animals show slightly different variations in their correlation curves, the best spatial correlation between the hemodynamic and VSD signals always occurred before the hemodynamic signals reached their maxima (Fig. 4) . A second peak in the cross-correlation occurred at a later timepoint as the hemodynamic signals dissipated. On average , the thresholded Hbr area Ma/17 correlated best with the maximal VSD area (r=0.67±0.14) 1.1±0.4 s after the onset of IIS.
The area of the Hbt signal correlated best with the VSD signal (r=0.66±0.16) later at 1.5±0.4 s after the IIS, which is significantly slower than Hbr signal (t-test, p<0.01).
The second peaks for Hbr occurred at 1.8±0.5 s (r=0.59±0.15) and for Hbt at 2.3±0.6 s (r=0.55±0.16). The second peak for Hbr is also significantly earlier than Hbt (t-test, p<0.01).
These results indicate that hemodynamic signals may be reasonable surrogates for excitatory neuronal activity at specific time points in their evolution and dissolution or alternatively can be measured at their maximum to estimate the area of excitatory neuronal activity.
Correlation between the epicenter of the voltage and hemodynamic signals
Another measure of the spatial overlap between the voltage and hemodynamic signals is the location of the epicenter of the signal, which can also evolve over time. The epicenter was defined as the geometric center of the thresholded area. We used the location of the BMI electrode as the "gold standard" and calculated the epicenter of the thresholded VSD, Hbr and Hbt signals at their maximal amplitude and over time (Fig. 5) .
At their maximum amplitude, the average distances (n=8 animals) between the BMI electrode and the VSD, Hbr and Hbt epicenters were 134±69, 174±86 and 216±109 µm respectively (Fig 5a, b) . Although the epicenter of the VSD signal was on average closest Ma/18 to the BMI electrode, this was not statistically significant (one-way ANOVA, F (2,23) =1.839; p=0.164; Bonferroni's post-hoc test found no significant difference, p>0.05). The average distance between the VSD epicenter and the Hbr epicenter was 201±81 µm, which was also not significantly different than the distance between the VSD epicenter and Hbr epicenter, which was 218±82 µm (t-test, p=0.29).
We then investigated the evolution in the epicenters over time (Fig 5c) . For each recorded timepoint during the evolution of VSD and hemodynamic signals, an epicenter could be recorded. Although the VSD and hemodynamic epicenters shifted as the signal developed, the location of the epicenters was always close to the BMI electrode and there did not appear to be any reproducible pattern. However, a plot of the locations of all epicenters of the VSD signal as it evolved for all 8 animals was more closely packed around the BMI electrode than the evolving Hbr and Hbt epicenters (Fig. 5d) . The average distance between the VSD epicenters and BMI electrode was 164±92 µm compared with 217±84 µm and 233±95 µm for Hbr and Hbt respectively. In spite of this significant difference (one-way ANOVA, F (2,1352) =29.85, p<0.001; Boniferroni's post hoc found significant difference between groups(p<0.05)), the greatest distance between the epicenters of the VSD and hemodynamic signals and the BMI electrode was only 427 µm, indicating that the locations of the signals epicenters were quite similar throughout their evolution.
Ma/19
Spatial coupling between the amplitude of voltage and hemodynamic signals
Since membrane potential change drives the increase in metabolic demand that triggers neurovascular coupling mechanisms, we wished to examine the spatial specificity of these mechanisms in epilepsy. To determine the response function between membrane voltage and hemodynamic response, we plotted the amplitude of the hemodynamic changes and the amplitude of the VSD signal from each pixel at their maximum amplitude (Fig. 6) . The plot in a single animal shows that the amplitude of the hemodynamic signals positively correlates with VSD changes (Fig. 6a) . The slight sigmoidal shape of the curve is demonstrated in the improved correlation between a cubic compared with a linear regression. Similar results are obtained when we average data from all animals (see method). The R 2 for the linear regression between both Hbr and Hbt compared with VSD changes was highly significant (Fig. 6b) . The slope of the Hbt-VSD relationship (mean slope =1.40) was less than that of the Hbr-VSD relationship (mean slope = 1.83), indicating that progressive increases in excitatory membrane potential change elicited a fractionally greater increase in Hbr than Hbt. When the distribution was fitted with cubic equation, the R 2 for the regression between both Hbr and Hbt compared with VSD changes improved over the linear fit (Fig. 6b) . In addition, the regression curves all cross the y-axis above zero since the spatial spread of the hemodynamic signals surpasses the spread of the VSD signal. The good fit of the linear regression indicates that epileptic neurovascular coupling is linear in most of the IIS focus. However, the slight sigmoidal shape of the curve and the cubic regression Ma/20 statistics show that at the extremes of the curves, where the VSD change is highest (focus) and lowest (surround) coupling becomes spatially non-linear and begins to plateau.
Influence of Choice of VSD and Level of Anesthesia on Neurovascular Coupling
In a second group of experiments, IIS were recorded from animals (n=7) using the newer blue dye, RH-1692 under 1.5% and 2% isoflurane anesthesia. In a subset of these animals (n=4), recordings were also made at 2.5% isoflurane anesthesia. 
Discussion
We used VSD and IOS to obtain spatial data on membrane voltage, Hbr and Hbt For these reasons we hypothesized that the spatial overlap between the hemodynamic signals and the membrane potential changes would be quite high. Two prior studies have compared VSD with IOS imaging in the same preparation in rat somatosensory cortex and found a relatively close spatial overlap but did not quantify the spatiotemporal aspects of the relationship in any detail (Devor et al. 2007; Takashima et al. 2001 ). In our current study, in contrast, we found that during an IIS, perfusion and oxygenation changes were spatially ~2X as large as the extent of the subthreshold excitatory membrane activity. These data may indicate that at their peak maximal spread, hemodynamic signals are not good surrogates for excitatory membrane activity and that the forces driving the hemodynamic response are more complex than just the re-establishment of ionic gradients. Alternatively, the extent of the hemodynamic spread may be specific to epileptic IISs, which are a unique condition of an intermittent cortical stimulus that continuously repeats. As previously demonstrated in normal somatosensory cortex, the frequency and duration of cortical stimulation can profoundly affect the hemodynamic response (Berwick et al. 2008; Chen-Bee et al. 2007 ). Since the hemodynamic response is slow, in our IIS experiments, an inter-spike baseline is never attained compared with the faster VSD responses that return to baseline between Ma/25 each IIS. Additionally, the VSD signal and its measurement may be intrinsically more difficult to resolve at its lateral extent for technical reasons and our data may underestimate its true size. However, we used the same camera to measure both signals, albeit at a different frame-rate and even utilized different dyes. Likewise, we thresholded based on a percentage of the peak amplitude, which is an accepted standard in the literature (Berwick et al. 2008; Chen-Bee et al. 1996) . The limitation of this method is that larger amplitude events will have a higher threshold value which results in a smaller areal extent (Chen-Bee et al. 2007; Chen-Bee et al. 1996) . However, since the IOS signal had a larger percent change compared with the VSD signal, the method would have biased our data to increase the size of the VSD areal extent so it is more likely that we overestimated rather than underestimated its size. Finally, level of anesthesia has been documented to influence the hemodynamic response (Ances 2004) so we used two separate anesthetics and varied their concentration to ascertain if this played a role in our data, which it did not. 
Spatial evolution of hemodynamic signals in IISs
Using perfusion and oximetry as surrogates for interictal epileptiform activity
Our data clearly show that hemodynamic events associated with the IIS are dynamic processes that evolve over space and time. The utility of these signals as surrogates for membrane potential appears to depend on their ability to capture moments in time during their evolution when there is a high degree of spatial overlap. Perhaps more importantly, at its maximum, the hemodynamic signal overestimates the excitatory interictal synaptic activity by ~2X. We show that both Hbr and Hbt are equally useful as surrogates for excitatory interictal synaptic activity although the initial dip (Hbr increase) provides the fastest response with the higher amplitude and response function.
These findings in epileptiform events have distinct similarities and differences compared with the spatiotemporal evolution of neurovascular coupling mechanisms found during normal cortical processing. Although early studies reported that oximetry signals, particularly the initial dip, were a more spatially localized reflection of underlying neuronal activity (Frostig et al. 1990; Malonek et al. 1997) , subsequent studies have demonstrated that the perfusion-based signals (Hbt, CBV or CBF) can be as focal, or even more focal than the early increase in Hbr, if measured early in their development at the level of the capillary, rather than the arteriole (Culver et al. 2005; Sheth et al. 2004; Vanzetta et al. 2005) . Likewise, a late focal CBV signal has been demonstrated to correlate well with neuronal activity during long-duration sensory activation (Berwick et al. 2008 ). However, IISs are short-lived and the later CBV map we define occurs much earlier than the late focal CBV signal described in rat barrel cortex (Berwick et al. 2008) . Ma/29 In contrast to normal cortical events, however, the amplitude and spatial spread of the initial dip (Hbr) during IISs appeared proportionally larger than the Hbt signal. We attribute this finding to the sudden dramatic increase in metabolic demand elicited by interictal spikes, in which a large population of adjacent cells all are firing simultaneously (Matsumoto and Marsan 1964) . Since this metabolic surge is not met by an adequate increase in cerebral perfusion (Bruehl et al. 1998) , the increase in Hbr is larger and more extensive than that which is found during normal cortical function (Malonek et al. 1997 ).
Focal acute pharmacologically-induced animal models of IISs are likely more hypermetabolic than either chronic models or human epilepsy, in which hypometabolism is generally measured (Engel et al. 1982; Hagemann et al. 1998 ).
In summary, our results indicated that hemodynamic-based techniques for imaging interictal events will be spatially blurred, unless the signals can be captured at early timepoints in their evolution or later moments when the signal is decreasing. In addition, deoxygenated hemoglobin provides a faster, higher-amplitude signal than cerebral blood volume. For this reason, we recommend caution in interpreting perfusion and oximetry based scans in patients with epilepsy unless a faster temporal resolution can be achieved and the technique can differentiate hemoglobin oxygenation from CBV. Nevertheless, the potential for using hemodynamic surrogates to map brief excitatory epileptiform and non-epileptiform events in the clinic is excellent, assuming a faster temporal resolution can be achieved. 
